This research evaluates performance of an acrylamide-based polymer which can be used for displacing reservoir oil. Three associated polymeric systems were proposed based on hydrolyzed polyacrylamide (HPAM), reported PAAHO, and the novel synthesized and characterized functionalized copolymer PAAHAI. Polymer solution behaviors were used to examine the changes in viscosity when the polymer was applied under certain reservoir conditions. PAAHAI showed a higher resistance and tolerance to temperature and salt content than HPAM and PAAHO. The antimicrobial degradation rates of PAAHAI could reach up to 13.2% and 21.7% for Bacillus sp. PAH-2 and Pseudomonas sp. LP-7, respectively. The inhibition efficiency of PAAHAI could reach as high as 93.08% in 1M HCl at 25°C. These results indicate that PAAHAI can be suitable for application in enhanced oil recovery.
| INTRODUCTION
Fossil fuels currently supply more than 85% of the world's energy, and the global energy demand and consumption is forecasted to increase rapidly over the next 20 years. [1] Such demand can only be satisfied by sustaining the production of energy in existing fields. Therefore, enhanced oil recovery (EOR) from existing fields has become increasingly important. EOR methods are field-proven techniques that improve the efficiency and effectiveness of oil recovery. [2] [3] [4] Figure 1a shows the China oil volume distribution in 2013. Therein, the polymer flooding method is considered one of the most promising chemical EOR processes in many reservoirs because of its low cost and efficient recovery of more than 10% oil over water flooding. [5] Moreover, Meng et al [6] also confirmed that polymer flooding can increase displacement efficiency. However, traditional polymer flooding is not recommended for heavy oil reservoirs because of its large disparity with oil viscosity according to the screen criteria. [7] Partially hydrolyzed polyacrylamide (HPAM) and biopolymer (xanthan gum) are the most commonly used EOR polymers in practice, especially HPAM. [8] However, HPAM is prone to microbial degradation and shows extreme sensitivity to salt and temperature. As a new water-soluble polymer, hydrophobically associating polymer solves the disadvantages of HPAM by grafting short hydrophobic side chains. [9, 10] Shashkina et al [11] investigated the hydrophobic aggregation in aqueous solutions of hydrophobically modified polyacrylamide in the vicinity of critical association concentration. In light of the results of the recovery, oil field wastewater must be used in polymer flooding, but the high salinity, high temperature, and high bacterial content in the wastewater may cause polymer degradation, molecular chain curling, and loss of solution viscosity. [8, 12] Sulfate-reducing and saprophytic monocytogenes bacteria can persist and adhere to the pipe wall to contact with the continuous injection of polymer. Coupled with the dark and humid underground environment, these bacteria will seriously corrode and block oil pipelines. Schematic diagram of internal corrosion of oil pipeline shows in Figure 1b . The creation and usage of various corrosion inhibitors are as important as determining the most stable and economic materials and corrosion-resistant agents to be used for specific conditions. However, the corrosion inhibitor performance of polymer, as an oil displacement agent, has never been investigated in the EOR literature even if many new inhibitors have been introduced for specific purposes. [13] Therefore, a polymer flooding agent with a favorable corrosion inhibition performance and microbial degradation resistance must be proposed. These modified polymers (i.e., hydrophobically associating water-soluble polymers) have been proposed as innovative alternatives to current polymers. However, only few studies have assessed how the novel polymers used in EOR can be used in carbonates reservoirs, particularly those with high bacterial content and severe corrosion. [14] [15] [16] Based on the polyacrylamide chain incorporation of multiple functional monomers, we prepared a class of hydrophobically associating copolymer P (AM-ACMO-HDDE-AMPS -IBOMA) (PAAHAI) using the one-pot method and then characterized this copolymer using the FTIR, 1 H-NMR, TGA, AFM, and SEM methods. The solution behaviors of this copolymer in different conditions were then compared with those of PAAHO [17] and HPAM (degree of hydrolysis, 20%). The antimicrobial degradation and corrosion inhibition behaviors of PAAHAI for microbial consortia were investigated using different methods.
| EXPERIMENTAL

| Materials
Acrylamide (AM) (Jiangxi Jiunongke Chem. Co.) was recrystallized from acetone and stored in a dark room until required. N, N′-((2-hydroxy-4, 5-dimethylbenzene-1, 3-diyl) dimethanediyl) bisprop-2-enamide (HDDE) was synthesized in our own laboratories. [18] ether (60-90°C) were obtained from Sinopharm Chemical Reagent Co. and used as received. The other reagents were of analytical grade and used without further purification. Steel rods (Q235: 50 × 10 × 3 mm with a 6-mm-diameter hole) were purchased from Shandong Xinsheng Technology Co. Ltd. Q235 mild steel with compositions of C = 0.18 wt%, Si = 0.02 wt%, Mn = 0.45 wt%, S = 0.02 wt%, p = .01 wt%, and Fe = 99.32 wt% was used as protecting target. The steel rods were polished by SiC abrasive paper (600, 800, 1,000, and 1,200 mesh) before use, subsequently rinsed with ethanol, and stored in a desiccator for drying.
| Microorganisms and culture media
Pseudomonas sp. LP-7 and Bacillus sp. PAH-2 consortia were isolated from petroleum-contaminated seawater and mud from Qingdao port. In comparison with the other 16S rDNA sequences of lactobacilli in GenBank, the sequence results of Pseudomonas sp. LP-7 and Bacillus sp. PAH-2 strains could be exactly differentiated. The enrichment media contained 
| Synthesis and characterization of copolymers
10% of acrylamide solution was prepared in the beaker. The acrylamide polymerization was initiated by adding 15 drops of 10% (NH 4 ) 2 S 2 O 8 in 80°C water bath. After adding the initiator slowly stirred the solution 10min, the beaker was removed from the 80°C water bath. The product is polyacrylamide. Using the above product prepared into a certain concentration of polyacrylamide solution in the beaker. After 10% NaOH solution was added to stir slowly 20 min in 90°C water bath, and the beaker was removed from the water bath. The product is HPAM.
The synthesis procedures of PAAHO are essentially in agreement with that of PAAHAI, and the synthesis procedures of PAAHAI are as follows.
The copolymer was prepared via the micellar copolymerization procedure [19, 20] using SDS (5.80 g) as the surfactant and AIBN (0.20 g) as the initiator. A 500 ml, three-necked, round-bottomed flask was equipped with a mechanical stirrer and a nitrogen inlet and outlet. AM (14.20 g), ACMO (0.30 g), and AMPS (1.00 g) were dissolved in the mixed solvent, while HDDE (0.10 g) and IBOMA (0.50 g) were dissolved in anhydrous alcohol. The mixture was then placed in a beaker with a pH value controlled between 6 and 7. The entire process required a reflux condensation (reaction temperature: 70°C). The mixture was stirred for 10 min for complete and even blending. Stirring was performed under N 2 atmosphere until a clear homogeneous mixture was obtained. After copolymerization under continuous stirring for 5 hr under N 2 atmosphere, the mixture was poured into a stainless steel bowl, and the copolymer was precipitated with a large excess of anhydrous ethanol. The copolymer was repeatedly washed with ethanol for a minimum of 24 hr at room temperature to remove unreacted monomers and surfactants. The copolymer was then dried to constant weight in a vacuum at 50°C for 24 hr to allow the ethanol to evaporate. The copolymer was then conserved in a desiccator (Yield: 98.7%). The chemical structure of the pentapolymer PAAHAI can be seen in Figure 2a . The molecular structure of the PAAHAI copolymer was characterized by FTIR spectroscopy and 1 H nuclear magnetic resonance (NMR). An IFS-113 FTIR instrument was used to record the FTIR spectrum via the KBr pellet method. The 1 H-NMR spectrum of the copolymer (solvent: D 2 O) was determined using an AVANCE III 600 spectrometer (Bruker). The thermal stability of the copolymer was evaluated using a STA 449 synchronal thermal analyzer (NETZSCH Group) at a heating rate of 10°C/min under a nitrogen flow of 50 ml/min from 30 to 800°C to investigate the thermal stability of the copolymer. The surface characteristic of the copolymer was measured after drying for 12 hr using a Hitachi-530 scanning electron microscope (SEM, Hitachi Ltd.)
| Standard curve of crude oil
A reference standard curve was prepared for the assay to engender quantitative data. The standard curve of crude oil was used to quantify the microbial degradation of crude oil. [21] The initial crude sample was dissolved in petroleum ether and filtered to remove impurities. The sample was allowed to stand for 24 hr to remove water by adding anhydrous sodium sulfate. Dissolved petroleum ether was removed using a rotary evaporator to obtain crude standard samples (The standard curve of crude oil: Y = 0.01106 + 0.02051X; Y: Absorbance, X: Crude oil concentration).
| Antimicrobial degradation assessment
The antimicrobial degradation performance of polymers was investigated using different strains with prolonged time. Experiments were conducted in three groups of parallel tests. The trials were performed in MSM inoculated with 5.0% (v/v) target strain and 0.2% (v/v) crude oil after sterilizing the media at 120°C for 20 min. Sufficient batches of media were prepared for each component and dispensed into 250-ml Erlenmeyer flasks prior to sterilization. The pH was adjusted between 7.0 and 7.2. The cells were incubated at 35°C by shaking at 120 rpm for 2, 4, 6, 8, 10, 12, and 14 days. All crude oil in liquid media that were obtained using the "liquid-liquid" method was extracted using petroleum ether as the extraction agent. The extraction was performed thrice, and the crude oil was diluted to a certain concentration using the extractant. An optimum absorption wavelength of 225 nm was determined by measuring the absorbance of the crude oil. A 50-ml colorimetric tube was used for the dilution, and the constant volume crude oil from the Erlenmeyer flasks was shaken at 120 rpm. Afterward, the absorbance values were measured using a UV spectrophotometer at 225 nm wavelength with petroleum ether as reference. The pending tested crude oil concentration was calculated via the standard curve, [22] and the antimicrobial degradation rates (ADRs) of polymer were obtained. All treatments, except the sterile control, were performed in triplicate. Calculation formulas for the ADRs of crude oil are shown in formula (1) and (2). Table 1 shows the characteristics of parallel experiments designed to calculate the ADRs (ΔR 1 ).
where m 0 (g) is the mass of initial crude oil; m 1 (g) is the remaining mass of crude oil in Table 1a ; m 2 (g) is the remaining mass of crude oil in Table 1b ; m 3 (g) is the remaining mass of crude oil in Table 1c ; ΔR 1 (%) is the ADR of polymer; and ΔR 2 (%) is the microbial degradation rate for crude oil.
| Corrosion inhibition measurement
The polymer solutions were prepared by dissolving the polymer powder in 1M HCl using a magnetic stirrer for 24 hr at room temperature. The weight loss test was performed by immersing the steel rods that were weighed accurately into the 1M HCl within or without a series of concentrated polymers under different temperatures (25, 45 , and 65°C) for 24 hr. The specimens were taken out after erosion, washed to remove the corrosion products, rinsed with distilled water, dried, and weighed accurately. The corrosion rate (V) and the corrosion efficiency (IE) were calculated using the equation (3) and (4): [23] where W 1 (mg) and W 2 (mg) are the mean weight of specimens before and later suffered corrosion; V 0 (mg cm
and V (mg cm −2 h −1 ) are corrosion rate without and with inhibitor; S (cm 2 ) is the area of the specimens; and t (h) is the time of corrosion.
| RESULTS AND DISCUSSION
| Characterizations
| FTIR and 1 H NMR analysis of copolymer
FTIR was used to characterize the molecular structure of the resulting copolymer. As seen in Figure S1 , the characteristic FTIR absorption peaks of PAAHAI are as follows: -NH stretching, 3,437 cm −1 ; -C-N-stretching, 3,195 cm −1 ;
(1)
The characteristics of parallel tests in the experiment . The preliminary results indicated that the spectrum had the peak characteristics of the monomers (AM, ACMO, HDDE, AMPS, and IBOMA) used in the copolymer formulation.
1 H NMR spectra were used to determine the hydrogen content of the copolymer unit. As seen in Figure S2 , the spectrum of PAAHAI shows several characteristic peaks after the addition of different monomers. 
| Thermo-gravimetric analysis
The thermal stability of HPAM, PAAHO, and PAAHAI copolymers can be investigated via thermo-gravimetric analysis (TGA), and the thermal gravimetric curves are shown in Figure 2b . The TGA diagrams for PAAHO and PAAHAI show the same variation tendencies. Therefore, these two elements have four weight loss stages, while HPAM has few weight loss stages. For the TGA curve of PAAHAI, the first stage (evaporation of intra-or intermolecular moisture, residual monomers, or solvent) occurs between 40 and 210°C (the weight loss is approximately 9.95% of the total weight). [24] The copolymer contains a large number of hydrophilic groups that can facilitate the combination of samples with the water molecules. [25] The second stage occurs between 210 and 330°C (22.98% weight loss) because of the thermal rupture and decomposition of the copolymer side chain. PAAHAI has a higher weight loss temperature than PAAHO at this stage, that is, PAAHAI begins to lose weight at 274.5°C, while PAAHO begins to lose weight at 238.2°C. The thermal stability of PAAHAI increases after incorporating the rigidity and heat-resistant monomers of HDDE, ACMO, and IBOMA. The third stage occurs between 330 and 510°C (41.97% weight loss). This stage is much more significant than the previous ones because of the thermal decomposition of the copolymer backbone. The fourth stage, which involves the weight loss of carbonization residue, occurs between 510 and 680°C. The TGA curve no longer changes when the temperature exceeds 680°C. PAAHAI and PAAHO have onset transformation temperatures of 303.1 and 270.8°C, respectively, which suggest the postponement of the transformation temperature of PAAHAI. These thermal behaviors are consistent with our expectations. The thermal stability of PAAHAI obviously increases after incorporating monomers with different ring structures.
| The micromorphology of PAAHAI copolymer
A morphology study of PAAHAI copolymer was performed using SEM to observe the structure of the resultant copolymer and to obtain microscopic and visualized information as shown in Figures 3 (a, b, and c) . The multilayer network-like stacked structure of PAAHAI is much looser and more porous than that of PAAHO on the layer, [17] showing an even distribution. These layers are connected with one another to form a mutually connected pore structure that enhances the permeability and specific surface area of PAAHAI. The cross-linked structure of the polymer can enhance the hydrophobic association property and improve the performance of the polymer solution. Given its special structure, even if the PAAHAI copolymer is introduced in a partially hydrophobic monomer, the solubility of the copolymer does not reduce greatly, thereby ensuring its practical utility in EOR. AFM technique confirms that a plurality of PAAHAI copolymer chains forms relatively independent association structure with intra-or intermolecular together and differs from those of HPAM and PAAHO as shown in Figures 3 (d, e , and f).
| Influencing factors of polymer solution behavior
An accuracy evaluation of polymer solution behaviors can help reveal the oil displacement rule of polymers. The injected chemicals are polymers that increase the viscosity of the displacing solution to improve EOR performance. The polymer solution behavior can be affected by several factors, including polymer concentration, salinity, and temperature. Figure 4a shows the relationship between the apparent viscosities of the PAAHAI copolymer solution and concentration. The apparent viscosities of the solutions increase along with copolymer concentration, while those of PAAHAI gradually increase under low concentration and rapidly increase when the concentration reaches a certain value (CAC, c*) that exceeds that of PAAHO. This trend may be attributed to the limited chances for these polymers to interact intermolecularly with one another; intrachain associations are more prevalent than interchain associations. The probability of intermolecular association increases along with polymer concentration. The hydrophobic chains form a reversible and dynamically physical cross-linked network structure via intermolecular association upon reaching c*, thereby increasing the hydrodynamic volume. [26] Moreover, by introducing monomers with heterocyclic, benzene ring, and bridged-ring structures, the physical cross-linking of these monomers becomes closer than that of PAAHO only containing a benzene ring structure, thereby significantly increasing the viscosity. PAAHO and PAAHAI have c* values of 0.55 and 0.40 g/dl, respectively, which suggest that PAAHAI can generate an association effect at lower concentrations. 0.8% polymer aqueous solutions and 0.1 to 4 g/dl NaCl solutions were prepared. The apparent viscosity of polymer solutions was determined under the conditions shown in Figure 4b . The solution viscosity of HPAM rapidly decreases along with increasing NaCl concentration, thereby showing the typical polyelectrolyte properties of this polymer. HPAM achieves a 14.7% viscosity retention rate when the NaCl concentration increases to 4 g/dl. The viscosities of PAAHO and PAAHAI solutions slightly increase along with NaCl concentration increasing and then gradually decrease at high NaCl concentrations. The viscosities of copolymer solutions are unresponsive to salt solution because of the presence of salt tolerance groups. However, increasing the polarity of these solutions will enhance the molecules association. [27] When the NaCl concentration exceeds 0.4 g/dl, the electrostatic exclusion between ions is weakened as a result of charge screening or chain self-crimping, thereby limiting association interaction and decreasing viscosity. When the NaCl concentration reaches 4 g/dl, PAAHO and PAAHAI solutions achieve viscosity retention rates of 23.8% and 26.7%, respectively. Therefore, PAAHAI shows an excellent salt resistance by incorporating the salt resistance group -SO 3 H under high salt conditions. Figure 4c shows the effect of temperature on the apparent viscosity of HPAM, PAAHO, and PAAHAI aqueous solutions. By following Arrhenius' law, the apparent viscosity of the HPAM solution decreases monotonously along with increasing temperature. [28] This trend may be attributed to the fact that the movement frequency of HPAM molecular chains increases along with temperature, thereby destroying the entanglement of polymer chains and hydrogen bonds and decreasing the solution viscosity. HPAM only shows a 15.7% viscosity retention rate when the temperature reaches 90°C. The solutions enter a state of hydrophobic association when the concentrations of PAAHO and PAAHAI copolymers exceed c*. Their solution viscosities slightly increase when the temperature increases from 20 to 30°C because in hydrophobic association, the entropy increases along with endothermic within a certain temperature range, while increasing the temperature will enhance the intermolecular hydrophobic association and increase the solution viscosity. As the temperature continues to
F I G U R E 3 (a, b, c) SEM images of PAAHAI; AFM images of HPAM (d), PAAHO (e), and PAAHAI (f)
increase, the thermal motion of water molecules and polymer chains shows a weakened hydrophobic association, [29] thereby decreasing the solution viscosity. Given the heat-resistant functional monomers of HDDE, ACMO, and IBOMA as well as the increasing thermal motion resistance of copolymer chains, increasing the temperature can reduce the damage to the copolymer chains between hydrophobic associating structures and can maintain a high viscosity at high temperatures. Specifically, when the temperature increases up to 90°C, PAAHO and PAAHAI solutions achieve viscosity retention rates of 22.0% and 27.0%, respectively, which reflect their favorable temperature resistance. This result can be attributed to the temperatureenhanced interchain association of hydrophobes when the imposed flow elongates and aligns the polymers to promote intermolecular bridging via hydrophobic interaction. In sum, PAAHAI shows a better temperature resistance than PAAHO and HPAM by incorporating heat-resistant monomers with different ring structures. This finding is further confirmed by comparing the viscous activation energies (E a ) of copolymers that can characterize viscosity retention values under high temperatures. [30] The relationship between E a and viscosity can be calculated by the Arrhenius formula (5) as follows:
where η (mPa·s) is the apparent viscosity; E a (kJ/mol) is the viscous activation energy; R (kJ mol
) is the molar gas constant; T (K) is the temperature; and A is the preexponential factor.
The ln (η) -1/T curves of PAAHAI, PAAHO, and HPAM are plotted from viscosities under various temperatures as shown in Figure 4d . By combining these curves with the Arrhenius formula, the E a values of PAAHAI, PAAHO, and HPAM are calculated as 15.464, 19.122, and 22.947 kJ/ mol, respectively. Given that a higher E a indicates the higher temperature sensitivity of a polymer, the lower E a of PAAHAI indicates that this copolymer shows a better heat resistance than HPAM and PAAHO. Enhancing the stiffness of copolymer chains and increasing the molecular thermal motion resistance can weaken the destroyed interaction associations between copolymer chains. Consistent with the aforementioned results, the copolymer solution can maintain a relatively high viscosity at high temperatures.
| Antimicrobial degradation property
A theoretical investigation was performed to demonstrate the practical value of the promising antimicrobial degradation behaviors. As a significant advancement in the literature, this work demonstrates how the microbial degradation can be inhibited to improve EOR performance. Figures 5 (a, b) show the ADRs of PAAHAI, PAAHO, and HPAM over incubation time for Bacillus sp. PAH-2 and Pseudomonas sp. LP-7. The ADRs of copolymers for two bacteria obviously increase along with incubation time. PAAHAI and PAAHO are significantly more resistant to microbial degradation than HPAM by incorporating capsaicin derivative with antibacterial property. [31] [32] [33] Achieving a favorable inhibition performance has been a long-term objective of the advanced inhibitor industry. This section demonstrates the experimental realization of a novel polymer as a corrosion inhibitor for crude oil pipelines in EOR.
The inhibition performances of HPAM and PAAHO at 25°C and those of PAAHAI at 25, 45 , and 65°C at different molality in 1M HCl for 24 hr were studied by conducting a gravimetric experiment. We used a conventional oil displacement agent partially hydrolyzed polyacrylamide (HPAM) as the control group. especially PAAHAI. The relationship between polymer concentrations and IE is shown in Figure 5c . The IE increases along with the increasing concentrations of HPAM, PAAHO, and PAAHAI because of the increasing adsorption, size, or structure of the molecule. PAAHO and PAAHAI reach maximum IE values of 82.61% and 93.08% at 6.0 g/L, respectively, and these values are much greater than that of HPAM. In sum, PAAHAI shows a better corrosion resistance performance in EOR than PAAHO and HPAM, which may be attributed to the increasing molecular size and number of electron donor groups, such as methyl and heterocycle. Moreover, given that the IE of PAAHAI increases along with concentration, PAAHAI achieves a higher IE when the polymer concentration increases at different environments in practical applications. By considering the polymer flooding agents that are used at different temperatures, we investigated the corrosion rates and IE of PAAHAI at 25, 45, and 65°C. Table 3 shows the results. The corrosion rates and IE of PAAHAI increase and decrease along with increasing temperature. This trend may be attributed to increasing molecular motion, which decreases the probability of adsorption on the surface of steel rods along with increasing temperature. PAAHAI obtains maximum IEs of 82.75% and 75.78% at 45 and 65°C, respectively. Figure 5d shows the relationship between the IE and polymer concentration of PAAHAI in 1M HCl at 25, 45, and 65°C. Under different temperatures, the IE of PAAHAI continues to increase along with concentration, which may be attributed to the large number of polymer molecules adsorbing on the steel rods surface at higher polymer concentrations.
| Surface morphology of steel rods under different conditions
The surfaces of the steel rods were observed using 3D measuring laser microscope OLS4000, and the polymer inhibition performance was validated based on the surface morphology. Figure 6 shows the surface morphology (LSCM, pixel size (μm): 2,566 × 2,576, objective lens: MPLFLN5, and zoom: 1X) of steel rods after being immersed in 1M HCl for 24 hr. The surface of steel rods with PAAHAI is relatively smoother and uniform than those with HPAM and PAAHO at 25°C. Figure 6a -d shows the porous and uneven surfaces of steel rods with HPAM and PAAHO. Figure 6d -f shows that the IE of PAAHAI gradually decreases along with increasing temperature and shows larger holes and surface irregularities at 25, 45, and 65°C. However, PAAHAI demonstrates corrosion inhibition, thereby indicating that the IE is significantly affected under high temperatures. Therefore, PAAHAI demonstrates the best corrosion inhibition performance at 25°C, which is consistent with the results from the gravimetric experiment. 
| CONCLUSIONS
A novel hydrophobically associating polyacrylamide modified by functional monomers with different ring structures was developed to displace reservoir oil by one-pot procedure. Laboratory experiments were conducted to confirm the excellent heat resistance and salt tolerance of PAAHAI, which also demonstrates hydrophobic association characteristics at low concentrations. The antimicrobial degradation experiments indicated that the ADRs of PAAHAI could reach up to 13.2% for Bacillus sp. PAH-2 and 21.7% for Pseudomonas sp. LP-7, and these high ADRs could increase the oil recovery rate. The IE of PAAHAI could reach as high as 93.08% by performing a gravimetric test in 1M HCl at 25°C. These results validate PAAHAI can be suitable for application in enhanced oil recovery.
